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ibosome assembly is a highly conserved and dynamic process driven by the cooperative transcription, folding, modification, and processing of rRNAs and stable binding of ribosomal proteins (r-proteins) (1, 2) . In Saccharomyces cerevisiae, this process begins in the nucleolus with cotranscriptional assembly of early precursor particles. As transcription proceeds, the nascent pre-rRNA is cleaved, separating maturation of early 40S and 60S precursors. A series of endo-and exonucleolytic cleavages remove internal and external transcribed spacer sequences from prerRNAs, as the assembling ribosome moves from the nucleolus to the nucleoplasm and is eventually exported to the cytoplasm ( Fig.  1A and B) .
Assembly of yeast ribosomes requires ϳ180 trans-acting proteins termed assembly factors (AFs). The majority of these proteins are conserved across eukaryotes, are essential for cell growth, and are thought to function as scaffolding proteins, RNA chaperones, energy-consuming nucleoside triphosphatases (NTPases), nucleases, or posttranslational modifiers (3) (4) (5) . Purification of ribosome assembly intermediates allowed the identification of most AFs, and initial characterizations have shown in which steps of pre-rRNA processing many of these factors function. However, to begin to understand the function of these proteins on a mechanistic level, one must address the following: the timing of association of these proteins with preribosomes; how they are recruited to preribosomes; their requirement for the stable binding of other proteins; and their role in folding rRNA.
Numerous studies have shown that subsets of AFs can be isolated as subcomplexes (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Proteins within a subcomplex are often required for the same steps of pre-rRNA processing, suggesting that they function together during ribosome biogenesis to achieve a common goal. One subcomplex that functions in assembly of the 60S subunit in Saccharomyces cerevisiae is composed of the AFs Brx1, Ebp2, Nop12, and Pwp1 and r-proteins L8 and L15 (referred to as the Pwp1 subcomplex). Highspeed centrifugation, followed by coimmunoprecipitation (co-IP) using epitope-tagged Nop12 or Pwp1, revealed that these proteins interact in a stable complex that can be isolated independently of preribosomes (6, 24) . Furthermore, Brx1, Ebp2, Nop12, and L8 have all been shown to be required for processing of 27SA 2 and 27SA 3 pre-rRNAs (25) (26) (27) (28) .
In the mature 60S subunit, r-proteins L8 and L15 interact closely with each other as well as with the ITS2-proximal stem (helix 10), a conserved helix formed by base pairing between the 3= end of 5.8S rRNA and the 5= end of 25S rRNA (Fig. 1C) (29) . These two rRNA ends are generated upon the removal of internal transcribed spacer 2 (ITS2) during processing of 27SB pre-rRNA (Fig.  1A) . It was recently reported that Nop12 can be UV cross-linked within the ITS2-proximal stem, as well as a nearby stretch of 5.8S rRNA (helix 8) (Fig. 1C) (26) . This result, as well as the known location of L8 and L15 in mature 60S subunits, suggests that the Pwp1 subcomplex binds within or near the ITS2-proximal stem and may play a role in folding rRNA and structuring this neighborhood.
Despite the evidence that the Pwp1 subcomplex binds the ITS2-proximal stem, members of this complex (Ebp2, Brx1, and r-protein L8) are required for removal of ITS1 to generate the 5= end of 5.8S rRNA (25, 28) . In mature ribosomes, the 5= end of 5.8S rRNA is ϳ160 Å from the ITS2-proximal stem. Taken together, these results suggest that removal of ITS1 and ITS2 requires cou-pling between these sequences that may be located far apart within preribosomes. Consistent with this, depletion of proteins that bind to ITS2 (Cic1, Nop15, and Rlp7) causes ITS2 to misfold but inhibit removal of ITS1 (26, (30) (31) (32) (33) . By binding to the ITS2-proximal stem, the Pwp1 subcomplex appears to be located in the preribosome at a position to enable long-range communication between these two spacers (Fig. 1C) .
Our laboratory has recently established a hierarchy of association between Ebp2, Brx1, r-protein L8, and other factors required for 27SA 3 pre-rRNA processing (25, 28, 34) . Here we focused on the less characterized Pwp1 subcomplex members, Nop12 and Pwp1, for which an association hierarchy has not been established.
Interestingly, both Nop12 and Pwp1 are nonessential proteins containing domains predicted to bind RNA (35) (36) (37) . Therefore, we rationalized that the changes observed in their absence would be minimal but highly specific. We saw that like other members of the Pwp1 subcomplex, Pwp1 functions in 27SA 2 and 27SA 3 prerRNA processing. Additionally, we have further defined the association hierarchy between the Pwp1 subcomplex and other A 3 factors. Most importantly, we have further characterized the relationship between pre-rRNA folding, protein association, and turnover of misassembled ribosomes during this step of ribosome biogenesis. Nop12 and Pwp1 are required for proper folding of 5.8S rRNA and the ITS2-proximal stem. In the absence of either external transcribed spacer. (B) Assembly intermediates in the biogenesis of ribosomal subunits. Preribosomal particles that will mature into 60S and 40S subunits are indicated by the pre-rRNAs contained within them. Known numbers of AFs required for each step of 60S subunit assembly are shown. (C) The Pwp1 subcomplex associates with preribosomes near the ITS2-proximal stem. Shown is the crystal structure of the Saccharomyces cerevisiae 60S subunit viewed from the solvent-accessible side (29) (PDB accession no. 3U5H and 3U5I). 5.8S rRNA is shown in black. The ITS2-proximal stem is composed of base pairing between the 5= end of 25S rRNA and the 3= end of 5.8S rRNA. r-proteins L8 and L15 are colored dark blue and light blue, respectively. Sequences of rRNA cross-linked to Nop12, Nop7, and Erb1 are shown in red, green, and magenta, respectively (26) . ITS2 is represented by the dashed line to indicate the approximate locations of Cic1, Nop15, and Rlp7 (26, 30) .
protein, helices in the 3= half of 5.8S rRNA do not stably form, and in the absence of Nop12, helix 5 is folded into an alternative, unproductive helix. Surprisingly, these misfolded pre-rRNAs are stable in the absence of Nop12 but rapidly turned over when Pwp1 is not present. We have attributed this turnover to a group of proteins that fail to stably associate in the absence of Pwp1 but still readily bind preribosomes in the absence of Nop12.
MATERIALS AND METHODS
Construction of yeast strains. Yeast strains used in this study were derived from Saccharomyces cerevisiae JWY6147, W303, or S288C and are listed in Table S1 in the supplemental material. nop12⌬ and pwp1⌬ strains were constructed as described by Longtine et al. (38) . PCR products containing the HIS3 gene and sequences complementary to either NOP12 or PWP1 were transformed into diploid W303, and transformants were screened on selective medium lacking histidine. Correct integration of the HIS3 gene at the NOP12 and PWP1 loci was verified by PCR. Diploids were sporulated, and tetrads were dissected. Individual spores were screened for the ability to grow on complete medium lacking histidine (C-his medium), and correct gene disruptions were verified by PCR.
A yeast strain conditional for Pwp1 expression was constructed as described by Longtine et al. (38) . Briefly, sequences containing the selectable marker KANMX6, plus the GAL1 promoter sequence followed by an ATG and sequences encoding three hemagglutinins (3HA) were amplified by PCR. PCR products were transformed as described by Rigaut et al. (39) into strain JWY6147, and transformants were screened for their ability to grow on selective medium containing galactose. G418 r transformants were screened for correct integration of the GAL1 promoter and 3HA tag by Western blotting with anti-HA sera.
Yeast strains expressing C-terminal tandem affinity purification (TAP)-tagged Rpf2, 13Myc-tagged Nop12, and 3HA-tagged Pwp1 were constructed by PCR of a selectable marker (TAP, URA3; 13Myc and 3HA, KANMX6) and transformation as previously described (38, 39) . Transformants that grew on selective medium were screened for correct integration of the PCR product and expression of the tagged protein by SDS-PAGE and Western blotting.
Growth of yeast strains. Unless otherwise indicated, strains were grown in either YEPGlu (1% yeast extract, 2% peptone, and 2% dextrose) or YEPGal (1% yeast extract, 2% peptone, and 2% galactose) at 30°C. nop12⌬ and pwp1⌬ strains were grown at the permissive temperature of 30°C and then shifted to either 18°C or 37°C for 4 h. GAL-HA3-PWP1 and GAL-HA3-RLP7 strains were grown in liquid YEPGal, pelleted by centrifugation, suspended in YEPGlu, and grown for 16 h to deplete Pwp1 and Rlp7. Growth of the GAL-HA3-PWP1 strain and depletion of Pwp1 were assessed by growth in liquid YEPGal or YEPGlu. Cells were continually diluted to ensure exponential growth, and growth was monitored with a Genesis 20 spectrophotometer (Thermo Fisher Scientific). Aliquots were taken at the indicated time points and assayed by SDS-PAGE and Western blotting against 3HA-tagged Pwp1 (3HA-Pwp1). An antibody against Sec61 serves as a loading control. Growth of the nop12⌬ and pwp1⌬ strains was assessed at 18°C, 30°C, and 37°C by spotting serial dilutions (undiluted to 1:100,000) of liquid cultures on solid YEPGlu plates.
RNA analysis. RNA from whole-cell lysates was extracted and assayed by Northern blotting, primer extension, and pulse-chase as previously described (40) . Pulse-chase analysis was performed using [methyl-3 H]methionine. For Northern blotting and primer extension, RNA was quantified using a Nano Drop 2000C spectrophotometer (Thermo Fisher Scientific). Five micrograms of RNA was used for reverse transcription reactions. The sequences of the oligonucleotides used for primer extension and Northern blotting are available upon request.
Protein extraction, SDS-PAGE, and Western blot analysis. Proteins in whole-cell extracts were prepared for gel electrophoresis by dissolving in SDS sample buffer as previously described (41) . Proteins were recovered from eluates during affinity purification by precipitation with 10% trichloroacetic acid (TCA) and suspended in SDS sample buffer. The proteins were resolved by electrophoresis on 4% to 20% Tris-glycine Novex gels (Invitrogen). To assay Nog2 by Western blotting, 4% to 12% Bis-Tris gels (Invitrogen) were used, since Nog2 comigrates with IgG on 4% to 20% Tris-glycine gels. Proteins from whole-cell extracts and affinity-purified preribosomes were assayed by Western blotting as previously described (41) . To enable detection of multiple proteins from a single blot and to conserve antiserum, after electroblotting, nitrocellulose membranes were cut based on the known mobility of the proteins of interest. Visible cuts in the membrane are indicated with asterisks in the figures. TAP-tagged proteins were detected using alkaline phosphatase conjugated to IgG (Pierce). Mouse monoclonal antibodies 12CA5 (Roche) and 9e10 (Developmental Studies Hybridoma Bank) were used to detect HAtagged and Myc-tagged proteins, respectively. Otherwise, antibodies specific to r-proteins or AFs were used. Alkaline phosphatase (AP)-conjugated anti-mouse or anti-rabbit secondary antibodies (Promega) were used, and proteins were visualized by colorimetric detection using Nitro Blue Tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) (Promega).
Affinity purification of preribosomes. Ribosome assembly intermediates were affinity purified from whole-cell extracts with magnetic Dynabeads (Invitrogen), using TAP-tagged Rpf2, as previously described (34 In vivo DMS probing. In vivo structure probing using dimethyl sulfate (DMS) was performed as previously described (43) . Briefly, 10 ml of cells was grown in YEPGlu to an OD 610 of 0.4 and incubated with 200 l of a fresh dilution (1:4 [vol/vol] in 95% ethanol) of DMS (Sigma-Aldrich) for 2 min. Reactions were quenched by placing the tubes on ice and adding 5 ml of water-saturated isoamyl alcohol and 5 ml of 0.6 M ␤-mercaptoethanol. Cells were pelleted and washed again in 0.6 M ␤-mercaptoethanol, and RNA was immediately phenol extracted.
Nucleotide modifications were assayed by primer extension with Transcriptor reverse transcriptase (Roche) and oligonucleotides complementary to ITS2 as previously described by Liebeg and Waldsich (44) with the following changes. For each reaction, 2.5 l (3 g) of whole-cell RNA was incubated with 1 l (0.2 M) of 32 P-labeled primer and 1 l of 4.5ϫ hybridization buffer (225 mM HEPES [pH 7.0], 450 mM KCl) at 95°C for 5 min. Reactions were then cooled to the annealing temperature of 54°C for 20 min. Fifteen microliters of prewarmed (54°C) extension mix containing 4 l of 5ϫ hybridization buffer (Roche Applied Science) (250 mM Tris-HCl, 150 mM KCl, 40 mM MgCl 2 , pH is approximately 8.5), 2.0 l of 2.5 mM deoxynucleoside triphosphate (dNTP) mixture, 1.0 l of 0.1 mM dithiothreitol (DTT), 0.5 l (20 U) RNasin (Promega), 0.5 l (10 U) Transcriptor reverse transcriptase (Roche Applied Science), and 7.5 l of nuclease-free water was added to each reaction mixture. For sequencing reactions, 2 l of the appropriate dideoxynucleotide (ddNTP) (10 mM) (Roche Applied Science) was also added. Reaction mixtures were incubated at 54°C for 1 h. RNA was degraded by the addition of 3 l of 1 M NaOH to each reaction mixture and incubated at 55°C for 1 h. The reactions were neutralized by the addition of 3 l of 1.0 M HCl. cDNAs were precipitated with 1 l of glycogen (10 mg/ml), 1 l of 0.5 M EDTA (pH 8.0), 2.8 l of 3.0 M sodium acetate (NaOAc) (pH 5.0), and 84 l of ethanol. Following ethanol precipitation, dried cDNA pellets were resuspended in 6 l of 1ϫ loading dye (45% formamide, 0.01 M EDTA [pH 8.0]), resolved on 6% polyacrylamide-7 M urea gels, and visualized by autoradiography. The intensity of gel bands was quantified using ImageJ (45) . Oligonucleotide sequences are available upon request.
Fluorescence microscopy. Export of preribosomes to the cytoplasm was assayed by monitoring the cellular localization of ribosomal protein (r-protein) L25-enhanced green fluorescent protein (eGFP) as previously described by Babiano et al. (43) . Wild-type and pwp1⌬ strains were transformed with pRS316 plasmid constructs coexpressing the nucleolar marker monomeric red fluorescent protein (mRFP)-Nop1 and L25-eGFP (46) . Cells were imaged using a Carl Zeiss LSM-510 META UV DuoScan inverted spectral confocal microscope and analyzed using ImageJ (45) .
RESULTS
Pwp1 is a nonessential protein and functions in 60S subunit biogenesis. Previously, Nop12 was shown to be a nonessential protein, although deletion causes cold sensitivity and blocks largesubunit pre-rRNA processing (26, 35) . Large-scale surveys of the yeast genome reported Pwp1 as an essential protein (47), but closer inspection by Duronio et al. (36) showed that a strain containing an insertion in the PWP1 gene was viable but slow growing. To clarify this, we precisely replaced the PWP1 open reading frame (ORF) with HIS3 in the yeast diploid W303. Upon sporulation and dissection of tetrads, we recovered four viable spores, two of which were extremely slow growing (data not shown). This confirmed previous results that Pwp1 is nonessential. Although pwp1⌬ cells were viable, their doubling times were ϳ8-fold longer than those of wild-type cells, and they were cold sensitive, i.e., unable to grow at 18°C (see Fig. S1A in the supplemental material).
To test the role of Pwp1 in ribosome assembly, we assayed by sucrose gradient centrifugation the amounts of mature ribosomes in wild-type and pwp1⌬ strains at 30°C and at the nonpermissive temperature of 18°C. We also assayed the levels of mature ribosomes in a strain conditional for expression of Pwp1, in which the promoter of the PWP1 gene was replaced with the GAL1 promoter to repress Pwp1 expression in glucose-containing medium (see Fig. S1B in the supplemental material). In both cases, in the absence of Pwp1, the amounts of free 60S subunits relative to those of 40S subunits were decreased, and half-mer polyribosomes were present ( Fig. 2A to E) . The decrease in the ratio of 60S subunits to 40S subunits was exacerbated in the pwp1⌬ strain shifted to 18°C, consistent with the cold sensitivity ( Fig. 2C and D) . Interestingly, an extra peak was present in the pwp1⌬ strain, sedimenting near the 43S peak ( Fig. 2B and D) . This has been previously observed in other ribosome assembly mutants defective in propagating the killer toxin-encoding M1 satellite double-stranded RNA of the L-A virus (48) .
Together, these results show that like Nop12, Pwp1 is a nonessential protein that functions in 60S ribosome biogenesis and that deletion of Pwp1 causes cold sensitivity.
Pwp1 is required for efficient processing of 27SA 2 and 27SA 3 pre-rRNAs. Recently, it was shown that Nop12 is required for processing of 27SA 3 pre-rRNA (26) . To determine in which step of production of 60S ribosomal subunits Pwp1 functions, we assayed pre-rRNA processing in wild-type cells and pwp1⌬ cells grown at either 30°C or shifted to 18°C or 37°C for 4 h. We also examined pre-rRNA processing in the GAL-PWP1 strain either grown at 30°C in YEPGal or shifted to YEPGlu for 16 h to deplete Pwp1. For controls, we compared the defects observed in the absence of Pwp1 to the pre-rRNA processing defects observed in the absence of Nop12 or another A 3 factor, Rlp7 (32, 33, 35) . Deletion or depletion of Pwp1 resulted in pre-rRNA processing defects similar to those caused by deletion of NOP12 or depletion of Rlp7 (Fig. 3) . Consistent with the extremely slow growth phenotype of the pwp1⌬ strain, the extent of the pre-rRNA processing defects in the absence of Pwp1 was nearly identical to that in the absence of the essential A 3 factor Rlp7 and stronger than that in the absence of Nop12. Furthermore, the observed effects on pre-rRNA processing in the absence of Pwp1 were exacerbated when pwp1⌬ cells were grown at 18°C, consistent with the cold-sensitive growth phenotype.
The absence of Pwp1 resulted in a marked reduction in the levels of 25S rRNA relative to 18S rRNA (Fig. 3A, lanes 7 to 14) . Northern blotting and primer extension revealed an accumulation of 35S, 33S/32S, 27SA 2 , 27SA 3 , and 27SB L pre-rRNAs ( Fig. 3A and B, lanes 7 to 14). The accumulation of 27SA 3 pre-rRNA was accompanied by a corresponding decrease in 27SB s pre-rRNA, suggesting that either 27SA 3 pre-rRNA is not being processed or 27SB s pre-rRNA is being turned over. Additionally, we observed a decrease in 7S pre-rRNAs and 5.8S rRNA (data not shown). We also observed an accumulation of 23S pre-rRNA, consistent with a delay in cleavage at sites A 0 , A 1 , and A 2 ( Fig. 3A and B, lanes 7 to  14) . A delay in these initial cleavage events was also evident by a decrease in 20S pre-rRNA. Because 18S rRNA levels were relatively unaffected, it is likely that the 23S pre-rRNA generated in the absence of Pwp1 can be processed into 18S rRNA.
To better discern the effects on pre-rRNA processing in the absence of Pwp1, we assayed the kinetics of pre-rRNA synthesis and turnover by pulse-chase analysis. In wild-type cells at both 30°C and 18°C, nascent pre-rRNAs were rapidly converted into 27SA, 27SB, and 20S pre-rRNAs, and these pre-rRNAs were ultimately processed to 25S and 18S rRNAs. In contrast, deletion of PWP1 resulted in a delay in the processing of pre-rRNA intermediates and formation of mature rRNAs ( Fig. 3C and D) . The levels of 25S rRNA from the pwp1⌬ strain grown at 30°C were lower than those in wild-type cells, while 18S rRNA appeared to be relatively unaffected. This was accompanied by an accumulation of 35S, 27SA, and 27SB pre-rRNAs compared to the wild type (Fig.  3C) . There was also a slight accumulation of 23S pre-rRNA and a mild delay in processing of 20S pre-rRNA. Notably, at 18°C, deletion of PWP1 caused 27S pre-rRNAs to be turned over, and thus resulted in no 25S rRNA being produced (Fig. 3D) . This is not simply a result of a failure to incorporate label into the RNA at 18°C, because we observed the formation of 20S pre-rRNA and 18S rRNA, although at slightly smaller amounts than in wild-type cells. These results are strikingly similar to pulse-chase analyses upon depletion of r-protein L8, a member of the same subcomplex, or of other essential A 3 factors or r-proteins that are required for 27SA 2 and 27SA 3 processing (28, 32, 33, 49) .
Taken together, these results demonstrate that Pwp1, like other subcomplex members, participates in early steps of 60S subunit biogenesis, including processing of 27SA 2 and 27SA 3 pre-rRNAs. Consistent with an early block in pre-rRNA processing, fluorescence microscopy revealed nucleolar accumulation of 66S preribosomes in the absence of Pwp1 (see Fig. S2 in the supplemental material). Similar to the deletion of NOP12, the effects on prerRNA processing were most evident when pwp1⌬ cells were grown in the cold. Because both Nop12 and Pwp1 have domains proposed to bind RNA, the cold-sensitive phenotype suggests that in the absence of these proteins, pre-rRNAs may be misfolded or unable to undergo a conformational switch (50, 51) . In the case of Pwp1, this may lead to turnover of misassembled preribosomes.
Pwp1 associates with 90S preribosomes and is exported to the cytoplasm. Previous work from our laboratory and others has shown that Ebp2, Brx1, Nop12, and r-protein L8 associate with preribosomes during early steps of 60S subunit assembly and coimmunoprecipitate (co-IP) early 66S pre-rRNA intermediates (25, 26, 28) . To better understand when Pwp1 associates with preribosomes, we TAP tagged Pwp1 and purified preribosomes. For a control, we also purified preribosomes using Nop12 tagged with TAP (Nop12-TAP). Like Nop12, Pwp1 associated with preribosomes early in assembly; it co-IPed 27SA, 27SB, and 7S prerRNAs above the background amounts that we observed from an untagged strain. Neither Pwp1 nor Nop12 co-IPed 20S pre-rRNA (Fig. 4A ) compared to an Enp1-TAP control (data not shown). Furthermore, Pwp1 co-IPed pre-rRNAs with 5= ends corresponding to 35S pre-rRNA. Last, Pwp1 co-IPed appreciable amounts of mature 5.8S rRNA, suggesting that Pwp1 is associated with 66S preribosomes exported to the cytoplasm. Interestingly, each protein co-IPed slightly different ratios of each pre-rRNA intermediate. This may reflect slight differences in their timing of association or differences in their relative affinity for each of the consecutive preribosomal intermediates.
As an orthogonal approach to map the timing of association of Pwp1, we purified preribosomes using TAP-tagged Ssf1 (nucleolar), Arx1 (nucleoplasmic), and Lsg1 (cytoplasmic), and assayed by Western blotting for the presence of HA-tagged Pwp1 (52, 53) . All three TAP-tagged proteins co-IPed Pwp1-HA (Fig. 4B) , corroborating the results that Pwp1-TAP copurifies the earliest prerRNA intermediate, as well as mature 5.8S rRNA. Interestingly, we observed a gradual reduction of the amount of Pwp1-HA that copurified with Arx1-TAP and Lsg1-TAP. This suggests that like some other assembly factors, dissociation of Pwp1 from preribosomes might not simply occur at a discrete interval but instead gradually as assembly progresses (54) . Alternatively, association of Pwp1 may weaken as assembly proceeds, leading to progressively lower yields when co-IPed with late particles.
Thus, we conclude that like other members of the Pwp1 subcomplex, Pwp1 associates with preribosomes early during biogenesis. Our results indicate that as assembly progresses and particles transition from the nucleus to the cytoplasm, Pwp1 is released from preribosomes (Fig. 1B) . Pwp1 is important for stable association with preribosomes of assembly factors required for 27SA 3 pre-rRNA processing. Work from our lab has established a hierarchy in which the Pwp1 subcomplex members Ebp2 and Brx1 are required for stable association of six interdependent A 3 factors (Nop7, Erb1, Ytm1, Cic1, Rlp7, and Nop15) with preribosomes, which in turn are necessary for stable association of two DEAD box proteins (DBPs), Has1 and Drs1 (28, 34, 49) (J. Talkish, unpublished data). To better understand the relationship between association of Pwp1 and assembly of other proteins required for 27SA 3 processing, we investigated changes in preribosome composition in the absence of Pwp1. Because the extremely slow growth phenotype of the pwp1⌬ strain made it difficult to grow large volumes of cells, preribosomes were purified from a GAL-HA-PWP1 strain (as described above). After shifting cells for 16 h to glucose-containing medium, HA-Pwp1 was undetectable by Western blotting ( Preribosome constituents were resolved by SDS-PAGE and visualized by silver staining (Fig. 5A) . Previous mass spectrometry analysis from our lab has identified many of the polypeptides pres- ent in each of the gel bands (7). Depletion of Pwp1 resulted in a characteristic pattern of silver-stained bands similar to depletion of other A 3 factors (Fig. 6) (25, 28, 34 ). Specifically, there was an observable decrease in gel bands corresponding to the interdependent A 3 factors Erb1, Nop7, Ytm1, Cic1, Rlp7, and Nop15 (Fig.  5A) , suggesting that Pwp1 is important for stable association of these six interdependent proteins with preribosomes.
Western blotting confirmed that in the absence of Pwp1, Nop7 and Cic1 failed to stably associate with preribosomes (Fig. 5B) . Consistent with this, we also observed a decrease in the DEAD box protein Has1. Additionally, the levels of several AFs (Tif6, Rlp24, Nog1, Nsa2, and Nog2) and r-protein L17 that function in the next step of ribosome biogenesis were decreased (B factors [ Fig.  5B] ) (55) (56) (57) (58) (59) . These proteins have all been shown to be dependent on the other A 3 factors to stably bind preribosomes (28, 34, 49) (Talkish, unpublished). In summary, Pwp1 is important for stable association of a group of interdependent A 3 factors that function in the same step of pre-rRNA processing, as well as B factors that function in the following step.
To begin to understand the interdependence of the six proteins in the Pwp1 subcomplex, we used available antibodies to assay changes in the levels of Ebp2 and r-protein L8 in preribosomes purified in the presence or absence of Pwp1. Western blotting revealed that upon depletion of Pwp1, both Ebp2 and r-protein L8 associated with preribosomes at wild-type levels (Fig. 5B) . We also wanted to test for changes in the levels of Nop12 but were unable to obtain positive transformants after numerous attempts to tag Nop12 with Myc in the GAL-HA-PWP1 strain. However, we consider it likely that Nop12 fails to associate with particles in the absence of Pwp1, because in vivo chemical probing of pre-rRNA structure in the absence of Pwp1 revealed many of the same changes in RNA structure as those in a nop12⌬ strain (see Fig. 7 ). Furthermore, many of the changes in the absence of Pwp1 were at or near the known Nop12 cross-linking site, likely reflecting the (asterisks) for association with preribosomes. Preribosome components purified from the GAL-RLP7 RPF2-TAP PWP1-HA strain or GAL-RLP7 RPF2-TAP NOP12-13MYC strain were resolved by SDS-PAGE and visualized by silver staining or subjected to Western analysis after transferring to a nitrocellulose membrane. r-protein L5 serves as a loading control. Pwp1-HA and Nop12-Myc were detected with anti-HA antibody (12CA5) and anti-myc antibody (9e10), respectively. failure of Nop12 to associate with preribosomes. These results indicate that Pwp1 is not required to recruit the subcomplex proteins Ebp2 and L8 and suggests a hierarchy in which Pwp1, like Ebp2 and L8, stably associates with preribosomes prior to the interdependent A 3 factors (28, 34, 60) .
The composition of preribosomes is largely unaffected in the absence of Nop12. To investigate changes in preribosome composition in the absence of Nop12, we purified preribosomes from wild-type and nop12⌬ strains grown at either 30°C or shifted to 18°C for 4 h. SDS-PAGE revealed few changes in the levels of silver-stained gel bands, indicating that preribosomes are largely intact in the absence of Nop12 (Fig. 5C) . The pattern of silverstained bands is clearly different from that observed in the absence of Pwp1 or other essential A 3 factors (Fig. 5A and Fig. 6 ). Western blotting confirmed that, even upon shifting the nop12⌬ strain to 18°C, there were no significant changes in the levels of the interdependent A 3 factors, the DBP Has1, or the B factors tested (Fig.  5D ). This is especially interesting because to our knowledge, this is the first example of a ribosome assembly mutant in which the known A 3 factors are associated with preribosomes, but 27SA 3 pre-rRNA is not efficiently processed.
To test the requirement of Nop12 for association of other members of the Pwp1 subcomplex, we examined the levels of Ebp2, Pwp1-HA, and r-protein L8 by Western blotting (Fig. 5D) . We observed no changes in the levels of these proteins, even from preribosomes purified from nop12⌬ cells shifted to the nonpermissive temperature of 18°C (Fig. 5D) . These results suggest that Ebp2, Pwp1, and L8 either associate with preribosomes prior to Nop12 or that their association is independent of Nop12.
Taken together, these data suggest that Nop12, although important for processing of 27SA 3 pre-rRNA, is not directly involved in recruiting other proteins that function during this step of ribosome biogenesis. In the absence of Nop12 at 18°C, processing of 27SA 3 pre-rRNA is blocked at levels comparable to the absence of the essential A 3 factors (Fig. 3A and B ), yet the protein composition of preribosomes is largely unaffected. Furthermore, this is the first example of a strong block in 27SA 3 processing that does not lead to significant turnover of pre-rRNAs (data not shown) (35) . This suggests that the observed defects in pre-rRNA processing in the absence of Nop12 are not due to an incomplete complement of proteins, but rather the pre-rRNA may not be in a conformation necessary to facilitate efficient removal of ITS1.
Pwp1 and Nop12 are not dependent on the A 3 factors for stable association with preribosomes. It was previously shown that the Pwp1 subcomplex members Ebp2, Brx1, and L8 were able to stably associate with preribosomes in the absence of the interdependent A 3 factors (34) . To test the requirement of the A 3 factors for stable binding of Pwp1 and Nop12, we HA tagged Pwp1 and Myc tagged Nop12 in an Rpf2-TAP strain conditional for expression of the A 3 factor Rlp7. Upon depletion of Rlp7, SDS-PAGE and silver staining of affinity-purified preribosomes revealed the characteristic pattern of gel bands seen upon depletion of any one of the A 3 factors (Fig. 6, asterisks) . Western blotting demonstrated that in the absence of Rlp7, both Pwp1 and Nop12 remained stably associated with preribosomes (Fig. 6) . The observed increase of Pwp1 and Nop12 in the absence of Rlp7 most likely represents the enrichment of early preribosomes, and thus these two proteins.
Together, these and the above data suggest a hierarchy of association in which the Pwp1 subcomplex associates with preribosomes prior to stable binding of the interdependent A 3 factors. Nevertheless, association of Nop12 occurs independently of the other A 3 factors. Nop12 is able to associate in the absence of these proteins, and conversely, they stably associate when Nop12 is not present. In contrast, Pwp1 is important for stable recruitment into preribosomes of the interdependent A 3 factors.
Pwp1 and Nop12 are important for proper folding of 5.8S rRNA. Pwp1 and Nop12 both contain domains predicted to bind RNA, and Nop12 was shown to cross-link helices 8 and 10 (ITS2-proximal stem) of 5.8S rRNA (26, 35, 36) . Furthermore, the absence of either of these proteins results in cold sensitivity, a phenotype often associated with ribonucleoprotein particles (RNPs) in which the RNA is misfolded or unable to undergo a structural transition (50, 61) . Thus, we hypothesized that these two proteins might be important for structuring 5.8S rRNA and neighboring domain I of 25S rRNA. To investigate this, we used the small chemical dimethyl sulfate (DMS) to perform in vivo structure probing of pre-rRNAs in the presence or absence of Pwp1 and Nop12 (44, 62) . DMS methylates the nitrogenous rings of adenines and cytosines in a manner that impedes reverse transcriptase, which can be visualized as primer extension stops (63) . The extent of methylation is dependent upon the environment of each base: nucleotides that are base paired, folded into complex structures, or protected by proteins exhibit low DMS reactivity, whereas unpaired, solvent-accessible bases exhibit high DMS reactivity. To address the roles that Pwp1 and Nop12 play in structuring 5.8S rRNA, we treated wild-type, pwp1⌬, and nop12⌬ cells with DMS at 30°C and 18°C. The modified RNA was assayed by primer extension with an oligonucleotide complementary to the 5= half of ITS2. Using an oligonucleotide in ITS2 ensures that we are assaying the structure of 5.8S rRNA sequences in pre-rRNAs and not mature 5.8S rRNA.
Deletion of Pwp1 at both 30°C and 18°C resulted in differential DMS reactivity of a number of nucleotides in the 3= half of pre-5.8S rRNA (Fig. 7A , C, and D; see Fig. S3A in the supplemental material). These were highly specific to this RNP neighborhood, as analysis of ITS2 revealed no changes in DMS reactivity (data not shown). The majority of modifications were the same in the absence of Pwp1 at both 30°C and 18°C; however, a greater number of changes were seen at 18°C, consistent with the cold-sensitive phenotype of the pwp1⌬ strain. The majority of differentially modified nucleotides exhibited increased modification and lie in single-stranded regions, likely reflecting the footprint of Pwp1, Nop12, and/or the other A 3 factors and r-proteins that do not stably associate in the absence of Pwp1. A number of these increased modifications occurred at or near the Nop12 cross-linking site, suggesting that Nop12 also fails to associate with preribosomes in the absence of Pwp1 (Fig. 7C and D) . We also observed increased modification of nucleotides within helix 5 (A2905 and A2904), helix 7 (A2953), and the ITS2-proximal stem (A3010), suggesting at least two possibilities. (i) Pwp1 aids in forming these structures during assembly, and in its absence, these helices form less stably. (ii) Deletion of Pwp1 impedes assembly at a step before these helices stably form, and their absence enriches for a population of intermediates prior to the formation of these helices. However, because a number of other assembly factors are diminished from preribosomes in the absence of Pwp1, it is difficult to differentiate direct from indirect effects. This is further complicated by turnover of pre-rRNAs in the absence of Pwp1. We also observed a few nucleotides with decreased modification, suggesting that these nucleotides potentially become base paired in the absence of Pwp1.
Because preribosomes are largely intact in the absence of Nop12, the observed DMS modification patterns in its absence should be highly specific. Similar to the absence of Pwp1, deletion of Nop12 resulted in increased modification of nucleotides at or near the Nop12 cross-linking sites and within helices 5 and 7 and the ITS2-proximal stem ( Fig. 7B to D; see Fig. S3B in the supplemental material). Interestingly, we observed nucleotides with decreased reactivity to DMS (A2970 and C2971 in helix 8), but only at 18°C. We also observed decreased DMS modification of nucleotides A2902, A2940, and C2960, indicating that these nucleotides are becoming more protected, possibly through base pairing. In mature 60S subunits, A2902 is single stranded and immediately 5= of helix 5 of 5.8S rRNA. Helix 5 is three base pairs in length and is formed by pairing of G2903, A2904, and A2905 (Fig. 7C and D, green) with U2963, U2962, and U2961 ( Fig. 7C and D, orange) , respectively. Interestingly, this sequence (GAA), composing the 5= half of helix 5, is repeated immediately 5= of helix 5 (referred to as GAA*). G2900, A2901, and A2902 ( Fig. 7C and D, purple) have the potential to base pair with U2963, U2962, and U2961, respectively. This would also allow the formation of three additional interactions between U2899-G2964, G2903-C2960, and A2904-U2959, resulting in a helix extended by 3 bp. The observed pattern of DMS modification at 18°C suggests that in the absence of Nop12, an extended helix 5 is formed by base pairing of GAA* to U2963, U2962, and U2961.
Together, our data suggest the following. (i) In the absence of either protein at 30°C, helix 5 is not stably formed, as evident by increased DMS modification of A2904 and A2905 (Fig. 8, left) . (ii) In the absence of Nop12 at 18°C, an alternative yet unproductive helix 5 is formed by pairing of GAA* to the 3= UUU. This accounts for the decreased DMS modification we observe for A2902 and C2960, and the increased modification of A2905 (Fig. 8, right) . Although we observed nucleotides with decreased modification in the absence of Pwp1 at both 30°C and 18°C, they were not entirely consistent with an alternative helix 5. One potential reason is that the formation of this alternative helix requires stable association of the interdependent A 3 factors, present only in strains lacking Nop12 but not Pwp1. Furthermore, this alternative helix might not be as evident due to the extensive turnover of pre-rRNAs in the absence of Pwp1 at 18°C.
DISCUSSION
Processing of 27SA 2 and 27SA 3 pre-rRNAs, and subsequent generation of the 5= end of 5.8S rRNA, requires at least 12 AFs and 10 r-proteins (8, 25, 27, 28, 31-33, 35, 64-68) . Numerous physical and genetic interactions exist among these proteins, suggesting that they function in a highly cooperative manner to remove ITS1. At least 12 of these proteins can be isolated in one of three subcomplexes. These subcomplexes include (i) the Pwp1 subcomplex (6, 24) ; (ii) the Nop7 subcomplex composed of Nop7, Erb1, and Ytm1 (8); and (iii) the ITS2 subcomplex containing Cic1, Nop15, and Rlp7 (30) .
Work from our lab has shown that these three subcomplexes assemble into preribosomes in a coordinated and hierarchical manner. We have previously shown the following. (i) Binding of Ebp2 is required for association of Brx1 (25) . (ii) Both Ebp2 and Brx1 are required for binding of r-protein L8 (25) . (iii) L8 is required for binding of the interdependent A 3 factors Nop7, Erb1, Ytm1, Cic1, Nop15, and Rlp7 (28) . (iv) All of the aforementioned proteins are required for stable association of the DBPs Drs1 and Has1 (34, 49) (Talkish, unpublished) . In the absence of any of these proteins, ITS1 is not removed, and preribosomes are unstable and turned over.
Here we have begun to analyze the function of the previously uncharacterized AF Pwp1 and further investigated the A 3 factor Nop12. We show that like Nop12, Pwp1 is a nonessential protein that functions in production of 60S ribosomal subunits. Although cells are viable in the absence of Pwp1, their growth is severely compromised at 30°C, and they are inviable at low temperatures. Like other members of the Pwp1 subcomplex, Pwp1 associates with preribosomes early in biogenesis and is necessary for efficient processing of 27SA 2 and 27SA 3 pre-rRNAs. We have been able to further refine the association hierarchy of proteins that function in this step of assembly by showing that Pwp1 is upstream of the interdependent A 3 factors; Pwp1 is important for stable association of these proteins but not vice versa. Nop12, however, does not play an active role in recruiting other A 3 factors. Last, we show that Nop12 and Pwp1 are required for proper folding of 5.8S rRNA and the ITS2-proximal stem. In the absence of these proteins, particularly when cells are grown at low temperature, 5.8S rRNA sequences within pre-rRNAs are misfolded, and 27SA 3 pre-rRNA is unable to be efficiently processed.
In most of our assays, deletion of Pwp1 results in the same phenotype as deletion of Nop12, only stronger. The nop12⌬ strain behaves like a traditional cold-sensitive mutant, growing at nearly wild-type rates at 30°C but much more slowly when cells are shifted to 18°C. However, deletion of Pwp1, although nonlethal, results in an extremely slow growth phenotype at 30°C and lethality at 18°C. Pwp1 is a WD-40 protein, whereas Nop12 is a RNA recognition motif (RRM)-containing RNA binding protein (35, 36) . Pwp1, through its WD-40 motif, may participate in a greater number of interactions with the interdependent A 3 factors. Thus, in the absence of Pwp1, one might expect greater perturbations in preribosome structure and thus stronger assembly defects and growth phenotypes. Consistent with this, examination of preribosomes revealed no changes in the interdependent A 3 factors in the absence of Nop12 but decreased association of those proteins in the absence of Pwp1. Our recent investigations of A 3 factors show that pre-rRNAs are rapidly turned over in their absence; however, it was unclear if this results from a failure to process 27SA 3 pre- Pwp1 at 30°C and 18°C. In wild-type cells, helix 5 is formed by base pairing between sequences in green and orange (middle). In the absence of Nop12 and Pwp1, at 30°C, helix 5 is not stably formed, as evident by increased DMS modification of A2905 (left). Decreased modification of A2902 and C2960 indicated that in the absence of Nop12 and Pwp1 at 18°C, an alternative helix 5 is formed between the upstream GAA* (purple) and the 3= UUU (orange) (right). Changes in DMS reactivity are shown as described in the legend to Fig. 7. rRNA or because the A 3 factors fail to associate with preribosomes (28, 34, 49) . Interestingly, pre-rRNAs are not turned over in the absence of Nop12 (35) (data not shown), suggesting that turnover is a result of an incomplete set of assembly factors in other A 3 mutants and not simply due to unprocessed 27SA 3 pre-rRNA.
High-resolution crystal structures of the yeast ribosome, as well as newly developed protein-RNA cross-linking approaches, indicate that the Pwp1, Nop7, and ITS2 subcomplexes bind preribosomes adjacent to each other, near domain I of 25S/5.8S rRNA and ITS2 (Fig. 1C) . Using UV cross-linking and analysis of cDNA (CRAC), it was shown that Nop12 cross-links to pre-rRNA sequences within the ITS2-proximal stem as well as helix 8 at the 5= end of 5.8S rRNA (26) . This is in close proximity to the binding sites of r-proteins L8 and L15 in mature 60S subunits (29) . Twohybrid interactions between Ebp2 and Brx1 or Nop12 suggest that Brx1 and Ebp2 also occupy this neighborhood (25) . The Nop7 subcomplex is thought to lie adjacent to the Pwp1 subcomplex. CRAC analysis revealed that Erb1 and Nop7 cross-link to sequences in domain I and domain III of 25S rRNA, respectively (26) . Last, Cic1, Nop15, and Rlp7 cross-link to sequences in ITS2 and the ITS2-proximal stem (26, 30, 69) .
Interestingly, these proteins associate with preribosomes near the 3= end of 5.8S rRNA, yet they are necessary for the removal of ITS1 and generation of the 5= end of 5.8S rRNA. In mature 60S subunits, the 5= end of 5.8S rRNA is situated ϳ160 Å from the 3= end. Depletion of the AFs that cluster around the 3= end of 5.8S rRNA and/or bind to ITS2 causes ITS2 to misfold but results in a failure to remove ITS1 (26, (30) (31) (32) (33) 67) . These results highlight two key principles that drive processing of 27SA 3 pre-rRNA. (i) Proper folding of ITS2 is at least in part a prerequisite for removal of ITS1.
(ii) Long-range communication between ITS1 and ITS2 coordinates the removal of these two spacers, and the subsequent generation of the 5= and 3= ends of 5.8S rRNA.
Pioneering studies of bacterial ribosome biogenesis from Guthrie and coworkers used genetic screens to identify cold-sensitive mutants defective in ribosome assembly in vivo (51) . They rationalized that because in vitro assembly requires heating the reaction at an intermediate step, presumably to cause structural rearrangements of the assembling particle, ribosome assembly in vivo would also be temperature dependent. Thus, defects in ribosome assembly might be exacerbated at low temperatures. The temperature-dependent nature of ribosome assembly reflects the ability of RNA to fold into a myriad of secondary and tertiary structures. As RNA folds, it samples a number of different conformations as it transitions to its native, functional state (70) . Many of these conformations are nonfunctional and represent kinetic traps that must be overcome, especially at low temperatures. During ribosome biogenesis, these kinetic traps and energy barriers are thought to be overcome in part by AFs and r-proteins (2, 71) .
Although nonessential, deletion of Nop12, especially in the cold, results in the accumulation of unprocessed 27SA 3 prerRNAs to an extent similar to that of depletion of the essential A 3 factors (Fig. 3A and B , compare to GAL-RLP7). Our data suggest that the defects observed in 27SA 3 pre-rRNA processing in the absence of Nop12 are not due to an incomplete inventory of AFs and r-proteins but rather are due to misfolded RNA. Analysis of preribosomal particles in the absence of Nop12 revealed few changes in their composition, suggesting that any changes in RNA structure should be highly specific to the absence of Nop12. This is in contrast to depletion of Pwp1 or the essential, interdependent A 3 factors that cause a number of changes in preribosome composition, making RNA structure probing studies more difficult to interpret.
In this study, we show that Pwp1 and Nop12 function to assist in folding 5.8S rRNA. In vivo structure probing of pre-rRNAs revealed that in the absence of these proteins, 5.8S sequences in pre-rRNAs are misfolded. The changes we observed in pre-rRNA structure are highly specific to the absence of Pwp1 and/or Nop12 and appear to be localized to the RNP neighborhood in which they bind. Of particular interest is helix 5. In mature 60S subunits, this 3-bp helix is generated by base pairing of a 5= AAG to a 3= UUU (Fig. 7C and D, green and orange) . Our results suggest that in the absence of Pwp1 or Nop12, at 30°C, helix 5 is not stably formed. This was evident by increased DMS accessibility to A2905 of the 5= half of helix 5 ( Fig. 7B and C) . In addition, in the absence of Nop12 at 18°C, our DMS probing data are consistent with the formation of an alternative helix 5 ( Fig. 7B and D) . This alternative helix 5 is generated by base pairing of an AAG (AAG*), repeated immediately upstream of the AAG that composes helix 5, to the 3= UUU. Base pairing of the AAG* to the 3= UUU would allow the original AAG to participate in additional base pairs, resulting in an alternative helix 5 that is extended by 3 bp (Fig. 8) . These results are reminiscent of work from Dammel and Noller (50) , which showed that a mutation in 16S rRNA that confers cold sensitivity is due to competition between two helices, only one of which is productive. What remains to be determined is whether the alternative helix 5 is a folding intermediate that is on the pathway and that is normally resolved with the assistance of Nop12 or whether this is simply a kinetic trap that occurs at low temperature.
In mature subunits, helix 5 is in close proximity to a number of r-proteins surrounding the polypeptide exit tunnel (r-proteins L17, L26, L35, and L37). While these proteins associate with preribosomes early during assembly, they are not stably incorporated into preribosomes until after removal of ITS1 (68) . Rearrangement of pre-rRNA structures during 27SA 3 processing might allow these r-proteins to participate in a greater number of protein-RNA interactions and thus integrate more tightly into the ribosome structure. Thus, a more interesting possibility is that the alternative helix 5 is a normally occurring structure that is refolded before or during 27SA 3 processing to form the helix 5 observed in the mature 60S subunits and to help tighten the association of some of the surrounding r-proteins. Our working hypothesis is that during and immediately after removal of ITS1, 5.8S rRNA undergoes a series of conformational changes. These conformational changes achieve two goals: (i) efficient removal of ITS1 (and possibly ITS2) and (ii) stable integration of the r-proteins surrounding the exit tunnel.
The complex network of interactions among the A 3 factors, as well as their known locations within the preribosome suggest long-range communication between the 5= and 3= ends of 5.8S rRNA. Because the removal of spacer sequences is an irreversible process, their excision from pre-rRNAs is thought to act as checkpoints during ribosome biogenesis. By coupling the removal of two spacers (ITS1 and ITS2), the cell may have evolved additional layers of regulation, ensuring that both spacers are competent for removal before the first spacer is excised. Our in vivo RNA structure probing data show that relatively small perturbations in rRNA structure are sufficient to disrupt pre-rRNA processing and spacer removal. This is not surprising, since RNA folding is inherently cooperative, ensuring that RNAs proceed down a smooth folding landscape to form their native structures (2, (72) (73) (74) . We speculate that the long-range communication between the two ends of 5.8S rRNA is facilitated by an intricate network of proteinprotein and protein-RNA interactions between the Pwp1, Nop7, and the ITS2 subcomplexes. The absence of Nop12 and Pwp1 results in a weakening, but not complete loss, of some of these interactions and a breakdown in communication between the 5= and 3= ends of 5.8S rRNA. Although the number of changes observed in the secondary structure of pre-rRNAs was small in the absence of Nop12 or Pwp1, we believe that these changes are highly specific and could have profound consequences on the stability of tertiary interactions within 5.8S rRNA. In vitro folding studies of ribozymes have shown that the loss of a single base pair or disruption of a single tertiary interaction can have drastic results and cause global misfolding of RNA (74) (75) (76) . We thank the following people for generously providing antibodies: Jesús de la Cruz and Patrick Linder (Has1), Janine Maddock (Nog1), David Goldfarb (Nip7), Cosmin Saveanu and Micheline Fromont-Racine (Tif6, Rlp24, Nsa2, and Nog2), Michael McAlear (Ebp2), Arlen Johnson (rpL8), Sabine Rospert (rpL17), Katja Siegers (rpL25), and Elizabeth Tosta (Cic1). We also thank Ed Hurt for providing the L25 eGFP Nop1-mRFP plasmid and Haibing Teng of the Molecular Biology Imaging Center at Carnegie Mellon University for training and assistance with microscopy.
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